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1.  INTRODUCTION 


The  application  of  laser  ignition  to  gun  propulsion  systems  is  being  pursued  for  many  potential 
advantages.  These  advantages  have  been  discussed  in  detail  elsewhere  (Barrows  et  al.  1991).  Laser 
ignition  may  hold  solutions  to  the  difficulty  of  achieving  effective  igmtion  of  a  two-piece  caitndge  for 
the  Advanced.  Tank  Cannon  System  (ATACS)  or  the  Modular  Artillery  Charge  System  (MACS)  for 
artillery.  Laser  ignition  has  also  received  increasing  attention  because  of  its  potential  to  achieve  multi¬ 
point  igiution,  simultaneously  or  in  a  programmed  time  sequence.  Based  on  numerical  analyses  (Williams 
and  Chang  1991),  there  are  indications  that  igrution  in  a  programmed  sequence  along  the  charge  length 
may  achieve  the  goal  of  high  muzzle  velocity  without  the  appearance  of  pressure  waves.  In  addition,  the 
use  of  low  vulnerability  propellants  (LOVA)  has  become  a  major  trend  in  gun  design.  However,  the 
difficult-to-ignite  characteristics  of  these  propellants  make  it  difficult  to  obtain  effective  ignition  with  a 
conventional  igniter  system.  Furthermore,  the  performance  of  advanced  charges  is  sometimes  less 
reproducible  and  is  more  sensitive  to  temperature  change  than  conventional  ammunrtion.  AH  of  these 
problems  demand  a  strong  consideration  of  alternate  ignition  systems,  such  as  laser  igmtion. 

Althou^  the  concept  of  using  laser  pulses  to  ignite  propellant  is  not  new,  tire  technology  must  be 
advanced  before  the  concept  becomes  practical.  The  major  difficulty  is  to  ignite  a  propelling  charge  with 
an  ignition  delay  acceptable  to  gun  users.  To  meet  this  requirement,  various  laser  beam  parameters  can 
be  explored,  such  as  power,  energy,  flux,  and  wavelength.  While  direct  ignition  of  the  propellants  is 
desirable,  it  is  difficult  to  achieve  and  remains  a  long-term  goal  of  the  program.  In  indirect  ignition,  the 
laser  igrtites  an  energetic  material  of  higher  igmtability  that  is  embedded  in  the  propellant  bed.  The 
combustion  products  then  ignite  the  surrounding  propellant. 

The  ready  ignition  of  several  propellants  in  the  open  air  has  been  earlier  demonstrated  in  our  lab  and 
elsewhere.  In  the  present  work,  studies  have  been  begun  to  study  ignition  in  confined  vessels,  which  are 
a  step  closer  to  ignition  in  a  gun  chamber.  This  report  discusses  primarily  the  ignition  of  smaE  samples 
of  solid  and  liquid  propellant  (LP)  that  are  confined  by  a  chamber  with  limited  ullage.  The  ignition 
characteristics  are  observed  and  guidelines  are  set  for  future  work. 
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2.  EXPERIMENTAL 


The  chamber  used  in  most  of  these  studies  is  shown  in  cross  section  in  Rgure  1.  It  was  machined 
out  of  316  stainless  steel  and  has  a  chamber  capacity  of  0.1  cm^.  While  it  was  originally  designed  with 
a  saH)hiie  window,  the  use  of  the  mylar  as  a  combination  window  and  blowout  disk  has  proven  to  be 
advantageous  for  bench  top  survey  smdies.  The  transmission  of  the  mylar  is  much  less  than  typical 
windows  or  fiber  optics,  but  that  creates  no  difficulty  for  these  studies.  The  chamber  is  held  together  by 
six  bolts.  The  back  wall  is  formed  by  the  pressure  gauge,  as  shown.  No  protective  grease  was  used  on 
the  gauge  because  of  the  very  limited  volume.  There  were  also  concerns  that  the  grease  would  introduce 
significant  nonreprodudble  effects  on  the  volume  and  heat  transfer  to  the  walls.  Thus  aU  pressure  traces 
have  the  characteristic  negative  shift  due  to  heating  of  the  pressure  transducer;  this  shift  is  only  cosmetic 
for  these  studies. 


PROPELLANT 

SAMPLE 

LASER  LIGHT  IN 


Figure  1.  Schematic  diagram  of  laser  ignition  chamber. 


The  laser  used  in  these  studies  was  a  neodymium  glass  laser  operating  at  1.054-pm  wavelength  with 
pulse  length  variable  from  100  ps  to  10  ms  and  variable  energy.  For  these  studies,  the  light  was  focused 
to  a  0.125-in-diameter  spot  with  a  2-in  focal  length  lens.  Except  as  noted,  the  mylar  was  0.020  in  thick 
(four  layers  of  0.005  in  each).  For  some  of  the  studies,  a  second  expansion  chamber  was  created  by 
adding  a  spacer  after  the  diaphragm  with  a  second  diaphragm.  In  most  cases,  the  volume  of  this  second 
chamber  was  0.05  cm^.  This  arrangement  allowed  the  study  of  how  completely  the  propellant  was  ignited, 
and  whether  sudden,  but  incomplete,  depressurization  would  extinguish  it  The  results  obtained  fiiom  this 
configuration  will  also  be  important  in  the  study  of  laser  ignition  where  the  irradiated  material  could  be 
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placed  in  a  confined  volmne  to  enhance  ignition;  after  ignition,  the  confineinent  would  rupture  and  the 
following  processes  take  place  in  a  depressurized  environment. 

3.  OBSERVATIONS;  SINGLE  CHAMBER 

In  most  of  the  observations  described  here,  a  graphite  coating  was  required  on  the  propellant  surface 
in  Older  to  have  sufficient  energy  absorbed  to  ignite  the  sample.  Whether  the  problem  is  reflection  or 
transmission  of  die  light  has  not  yet  been  determined  definitely,  except  in  obvious  cases  such  as  h©  where 
it  is  possible  to  bum  objects  behind  the  propellant  sample  with  the  transmitted  light. 

3.1  Black  Powder  (BP).  One  material  not  needing  a  coating  to  enhance  absorption  was  BP.  This 
material  was  tested  as  a  bench  mark  because  of  its  ease  of  ignition  and  rapid  flamespread.  A  typical 
pressure  trace  is  shown  in  Figure  2.  For  this  record,  as  much  sample  was  put  into  the  volume  as  possible 
without  grains  damaging  the  diaphragm,  which  resulted  in  an  estimated  60—70%  loading  density.  A  lO-ms 
laser  pulse  was  used.  The  time  zero  in  the  figure  is  the  start  of  the  laser  pulse.  Approximately  1.5  J  of 
energy  was  incident  on  the  sample  surface  before  ignition,  which  occurred  at  about  4.5  ms;  this  short  time 
is  adequate  for  most  gun  system  minimum  requirements.  Note  that  the  pressure  gauge  does  not  go 
negative  before  the  event  due  to  the  opacity  of  the  sample.  As  expected  in  the  event,  the  ignition  was 
clean  and  unambiguous.  BP  is  unique  among  the  materials  tested  in  that  the  confinemait  and 
pressurization  ^pear  to  have  little  effect  on  the  ignition  and  flamespread  rates. 


Figure  2.  BP  pressure  response  to  laser  ignition  in  small  cell. 
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3.2  M30  Propellant  Figure  3  shows  the  typical  behavior  of  a  slice  of  M30  propellant  grain  when 
tested  in  the  same  marmer.  Note  that  the  pressure  gauge  is  heated  by  the  laser  prior  to  the  ignition.  Since 
this  sample  required  a  graphite  coating  for  prompt  ignition,  the  light  probably  was  going  either  around  the 
propellant  or  through  the  perforations  in  the  grain.  Approximately  5  J  of  light  energy  was  incident  on  the 
propellant  surface  before  ignition  took  place.  As  with  the  BP,  this  value  was  well  above  any  threshold 
and  merely  a  convenient  value  to  ensure  ignition.  A  comparison  of  Figure  3  with  Figure  2  shows  that  the 
pressure  rise  was  noticeably  slower  for  the  M30  grain,  indicating  a  slower  ignition  and  flamespread 
process. 


Figure  3.  M30  laser  ignition. 

3.3  M43  Propellant.  Several  LOVA  propellants  were  studied  briefly.  The  response  of  one  of  these, 
M43,  is  shown  in  Figure  4.  Approximately  8.5  J  of  laser  energy  were  incident  on  the  solid  surface  during 
10  ms.  As  can  be  seen  in  the  plot,  the  laser  raised  the  pressure  sufficiently  that  full  ignition  of  the 
propellant  took  place  shortly  thereafter.  The  pressure  rise  was  much  slower  in  comparison  with  BP  and 
M30  propellant  in  the  previous  Figures.  This  result  was  expected  because  of  the  difficulty  of  igniting  the 
LOVA  propellants. 

In  many  of  these  experiments,  careful  measurements  were  made  of  the  mass  lost  by  the  propellant 
sample  during  the  event  by  weighing  the  samples  before  and  after  the  event.  In  this  case,  the  original 
sample  was  90.0  mg  before  irradiation  and  86.6  mg  after  the  event  shown.  The  mass  lost  by  a  similar 
piece  of  material  under  the  same  laser  conditions,  but  without  confinement  and  ignition,  showed  a  mass 
loss  of  ^proximately  0.1  mg,  which  is  at  our  level  of  measurement  uncertainty.  The  amoimt  of  mass  lost 
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Figure  4.  M43  ignition  on  third  pulse. 

when  an  M43  propellant  sample  was  ignited  for  these  brief  times  varied  from  2  to  9  mg  and  appeared  to 
be  independent  of  the  original  mass. 

3.4  LP1846.  Although  the  liquid  propellants  are  also  quite  transparent  at  1 .054  pm,  most  experiments 
were  done  without  adding  graphite.  It  also  ignited  vigorously  and  promptly  Avith  the  laser  source.  As  can 
be  seen  in  Figure  5,  ignition  delay  was  about  5.5  ms  for  this  typical  example.  The  LP  is  most  obviously 
different  from  the  solids  in  that  it  blew  itself  out  of  the  chamber  almost  completely.  In  the  single 
diaphragm  experiments,  it  behaved  much  like  the  M43  in  the  sense  of  needing  good  confinement  and 
pressurization  during  the  laser  pulse  in  order  to  achieve  ignition. 


Figure  5.  Laser  ignition  of  LP1846. 
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4.  OBSERVATIONS:  DOUBLE  CHAMBER 


As  mentioned,  it  was  decided  to  provide  the  propellants  a  little  more  burning  space,  in  part  to  establish 
that  they  were  really  vigorously  burning  and  to  increase  the  measured  mass  loss.  Three  examples  of 
typical  behavior  are  presented  here. 

4.1  Solid  Propellants.  The  energy  to  the  surface  for  the  M30  event  shown  in  Figure  6  was  less  than 
3  J  before  the  apparent  ignition  time.  As  can  be  seen,  the  second  diaphragm  broke  at  a  lower  pressure 
than  the  first  The  pressure  behavior  before  the  burst  of  the  first  diaphragm  is  quite  similar  to  that 
recorded  in  the  single  chamber  ignition,  such  as  shown  in  Figure  3.  In  the  case  of  Figure  6,  the  sample 
lost  12.1  mg,  or  9.5%  of  the  total  mass.  A  similar  record  for  an  M43  sample  is  shown  in  Figure  7.  Note 
that  the  ignition  in  this  case  is  more  prompt  and  unambiguous  than  in  the  sample  shown  for  tiie  single 
chamber  ignition  of  the  same  material;  this  behavior  is  due  to  the  use  of  a  previously  burned  and 
extinguished  propellant  sample.  The  pressure  record  again  shows  good  sustained  ignitioa  The  sample 
from  this  and  similar  tests  show  the  smooth,  glassy  surface  and  enlarged  perforations  that  are  indicative 
of  flamespread  over  the  entire  surface. 


Figure  6.  M30  laser  ignition  in  dual  chamber  fixture. 


Figure?.  T^mirinn  of  previously  ignited  and  quenched  M43  in  dual  chamber. 

4.2  I£.  The  behavior  of  LP1846  in  the  double  chamber  studies  was  significantly  different  fiom  the 
solid  propellants.  As  can  be  seen  in  Figure  8,  the  second  peak  is  very  sharply  rising  and  goes  higher  in 
pressure  before  the  diaphragm  can  burst  and  relieve  the  pressure.  In  addition,  inspection  of  the 
diaphragms  after  the  event  show  similar  behavior  for  the  first  diaphragm  for  solids  and  Uquids  but 
differences  in  the  second.  In  the  case  of  solid  propeUants  and  the  first  diaphragm  of  the  IPs,  the  two 
burst  patterns  are  typical  of  a  stretch-and-break  event  The  second  LP  disks  show  a  larger,  smoother  hole 
that  probably  has  experienced  a  much  greater  flow  of  high-temperature  materials  (gas  or  liquid).  The  main 
difference  here  is  probably  due  to  the  in-depth  heating,  reaction,  and  ignition  of  the  LPs  (i.e.,  when  they 
ignite,  the  whole  volume  is  involved  rather  than  just  the  surface).  The  pressure  traces  are  shown  in 
Figures  8  and  9  for  two  levels  of  irradiation.  The  observed  behavior  with  similar  shapes  but  shorter  times 
with  greater  energy  is  classical  laser  ignition  behavior. 

Some  brief  effort  was  made  to  develop  a  second  chamber  with  a  small  vent  that  might  simulate  an 
igniter  component  for  LPs.  The  goal  is  to  keep  the  pressure  elevated  to  continue  combustion  while 
venting  hot  gases  and  reactive  chemical  species  to  use  for  ignition.  In  Figure  10,  an  example  is  shown 
for  LP1846  where  the  venting  of  pressure  sustained  the  event  for  about  10  ms  beyond  what  would  have 
occurred  with  closed  chamber.  Similar  tests  were  done  with  solid  propellants,  hi  some  of  these  cases, 
significantly  longer  bum  times  were  achieved. 
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Preliminary  studies  have  been  made  of  laser  ignition  in  a  25-mm  gun  chamber  simulator  designed  to 
scale  the  behavior  of  larger  guns  (see  Figure  11).  While  both  BP-assisted  ignition  and  direct  laser  ignition 
were  explored  briefly,  the  efficient  coupling  of  the  laser  energy  into  the  propellant  has  not  been  adequately 
demonstrated  in  these  brief  studies.  As  expected,  ignition  using  BP  was  readily  achieved.  An  example 


Figure  10.  Ttmitinn  of  LP1846  with  vented  second  chamber. 

of  an  event  using  a  small  amount  of  BP  attached  to  the  surface  of  a  JA2  grain  to  assist  igmtion  of  the 
grain  is  shown  in  Figure  12.  In  this  test,  the  grain  was  placed  near  the  window  at  the  breech  end  of  the 
simulator  wth  the  rest  of  the  chamber  filled  with  inert  grains.  In  the  figure,  the  first  and  second  pressure 
rises  are  due  to  the  ignition  of  the  BP  and  the  JA2  grain,  respectively.  Inspection  of  the  grain  after  the 
event,  which  was  terminated  by  the  diaphragm  burst  and  grain  extinguishment,  again  diowed  good 
flamespread  to  the  extent  that  the  perforations  were  enlarged  and  joined  at  some  parts  of  the  grain.  While 
direct  ignition  of  JA2  was  achieved  in  this  simulator,  it  has  not  been  done  with  reasonable  delay  or  good 
reproducibility.  Obvious  difficulties  to  be  addressed  for  direct  ignition  include  heat  loss  to  the  window 
if  the  grain  is  rightly  packed  against  the  window  and  efficiently  coupling  of  the  energy  into  the  propellant. 


Black 

Powder 


Acrylic  Chamber 

Steel  Backing 


Window 


Inert  Propellant 


Pressure  Gauge 


Figure  11.  Schematic  diagram  of  25-mm  gun  chamber  simulator. 
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6.  SUMMARY  AND  CONCLUSIONS 


A  variety  of  propellants  have  been  shown  to  be  readQy  ignitable  by  laser  light  at  a  wavelength  that 
is  producible  in  compact,  efficient  package  size.  Ignition  delay  times  vary  substantially  around  the  typical 
values  shown  here;  the  major  uncontrolled  variable  is  presently  thought  to  be  the  coupling  of  the  energy 
into  the  propellant 

7.  FUTURE  WORK 

As  discussed  in  the  preceding  descriptions,  future  work  will  include  efforts  to  couple  light  more 
efficiently  into  the  propellants,  wavelength  studies,  application  of  fiber  optics  for  multi-point  ignition  of 
a  propelling  charge,  and  extensive  studies  with  gun  simulators. 


Figure  12.  Pressure  trace  finom  igiition  of  JA2  with  BP  assisted  laser  ignition  in  25-mm  simulator. 
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WASHINGTON  DC  20310-0103 

1  HQDA  OASA  RDA 

ATTN  DR  C  H  CHURCH 
PENTAGON  ROOM  3E486 
WASHINGTON  DC  20310-0103 

4  COMMANDER 

US  ARMY  RESEARCH  OFFICE 

ATTN  R  GHIRARDELLI 

DMANN 

R  SINGLETON 

RSHAW 

P  O  BOX  12211 

RSCH  TRNGLE  PK  NC  27709-221 1 

1  DIRECTOR 

ARMY  RESEARCH  OFFICE 
ATTN  AMXRO  RT  IP  LIB  SERVICES 
P  O  BOX  12211 

RSCH  TRNGLE  PK  NC  27709-2211 

2  COMMANDER 
US  ARMY  ARDEC 

ATTN  SMCAR  AEE  B  D  S  DOWNS 
PCTNY  ARSNL  NJ  07806-5000 

2  COMMANDER 

US  ARMY  ARDEC 

ATTN  SMCAR  AEE  J  A  LANNON 

PCTNY  ARSNL  NJ  07806-5000 

1  COMMANDER 
US  ARMY  ARDEC 

ATTN  SMCAR  AEE  BR  L  HARRIS 
PCTNY  ARSNL  NJ  07806-5000 

2  COMMANDER 

US  ARMY  MISSILE  COMMAND 
ATTN  AMSMI RD  PR  E  A  R  MAYKUT 
AMSMI  RD  PR  P  R  BETTS 
REDSTONE  ARSENAL  AL  35809 


1  OFFICE  OF  NAVAL  RESEARCH 
DEPARTMENT  OF  THE  NAVY 
ATTN  R  S  MILLER  CODE  432 
800  N  QUINCY  STREET 
ARLINGTON  VA  22217 

1  COMMANDER 

NAVAL  AIR  SYSTEMS  COMMAND 
ATTN  J  RAMNARACE  AIR  54111C 
WASHINGTON  DC  20360 

2  COMMANDER 

NAVAL  SURFACE  WARFARE  CENTER 
ATTN  R  BERNECKER  R  13 
G  B  WILMOT  R  16 
SILVER  SPRING  MD  20903-5000 

5  COMMANDER 

NAVAL  RESEARCH  LABORATORY 

ATTN  M  CUN 

J  MCDONALD 

EORAN 

JSHNUR 

R  J  DOYLE  CODE  6110 
WASHINGTON  DC  20375 

2  COMMANDER 

NAVAL  WEAPONS  CENTER 
ATTN  T  BOGGS  CODE  388 
T  PARR  CODE  3895 
CHINA  LAKE  CA  93555-6001 

1  SUPERINTENDENT 

NAVAL  POSTGRADUATE  SCHOOL 
DEPT  OF  AERONAUTICS 
ATTN  D  W  NETZER 
MONTEREY  CA  93940 

3  ALLSCF 
ATTN  R  CORLEY 
R  GEISLER 

J  LEVINE 

EDWARDS  AFB  CA  93523-5000 

1  AFOSR 

ATTN  J  M  TTSHKOFF 
BOLLING  AIR  FORCE  BASE 
WASHINGTON  DC  20332 
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NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  OSD  SDIO  1ST 

ATTN  L  CAVENY 
PENTAGON 

WASHINGTON  DC  20301-7100 

1  COMMANDANT 

USAFAS 

ATTN  ATSF  TSM  CN 
FORT  SILL  OK  73503-5600 

1  UNTV  OF  DAYTON  RSCH  INSTITUTE 

ATTN  D  CAMPBELL 
ALPAP 

EDWARDS  AFB  CA  93523 

1  NASA 

LANGLEY  RESEARCH  CENTER 
ATTN  G  B  NORTHAM  MS  168 
LANGLEY  STATION 
HAMPTON  VA  23365 

4  NATIONAL  BUREAU  OF  STANDARDS 
US  DEPARTMENT  OF  COMMERCE 
ATTN  J  HASTTE 
M  JACOX 
T  KASHIWAGI 
H  SEMERJIAN 
WASHINGTON  DC  20234 

2  DIRECTOR 

LAWRENCE  LIVERMORE  NATIONAL  LAB 
ATTN  C  WESTBROOK 
W  TAO  MS  L  282 
P  O  BOX  808 
LIVERMORE  CA  94550 

1  DIRECTOR 

LOS  ALAMOS  NATIONAL  LAB 
ATTN  B  NICHOLS  T7  MS  B284 
P  O  BOX  1663 
LOS  ALAMOS  NM  87545 

2  PRINCETON  COMBUSTION 
RESEARCH  LABORATORIES  INC 
ATTN  N  A  MESSINA 
MSUMMERFIELD 
PRINCETON  CORPORATE  PLAZA 
BLEXj  IV  SUITE  119 

11  DEERPARK  DRIVE 
MONMOUTH  JUNCTION  NJ  08852 


3  DIRECTOR 

SANDIA  NATIONAL  LABORATORIES 

DIVISION  8354 

ATTN  S  JOHNSTON 

PMATTERN 

D  STEPHENSON 

LIVERMORE  CA  94550 

1  BRIGHAM  YOUNG  UNIVERSITY 

DEPT  OF  CHEMICAL  ENGINEERING 
ATTN  M  W  BECKSTEAD 
PROVO  UT  84058 

1  CALIFORNIA  INSTITUTE  OF  TECH 

JET  PROPULSION  LABORATORY 
ATTN  L  STRAND  MS  125  224 
4800  OAK  GROVE  DRIVE 
PASADENA  CA  91109 

1  CALIFORNIA  INSTITUTE  OF  TECHNOLOGY 

ATTN  F  E  C  CULICK  MC  301  46 
204KARMANLAB 
PASADENA  CA  91125 

1  UNIVERSITY  OF  CALIFORNIA 

LOS  ALAMOS  SCIENTMC  LAB 
P  O  BOX  1663  MAIL  STOP  B216 
LOS  ALAMOS  NM  87545 

1  UNIVERSITY  OF  CALIFORNIA  BERKELEY 

CHEMISTRY  DEPARMENT 
ATTN  C  BRADLEY  MOORE 
211  LEWIS  HALL 
BERKELEY  CA  94720 

1  UNIVERSITY  OF  CALIFORNIA  SAN  DIEGO 
ATTN  F  A  WILLIAMS 

AMES  BOlO 
LA  JOLLA  CA  92093 

2  UNTV  OF  CALIFORNIA  SANTA  BARBARA 
QUANTUM  INSTITUTE 

ATTN  K  SCHOFIELD 

M  STEINBERG 

SANTA  BARBARA  CA  93106 

1  UNTV  OF  COLORADO  AT  BOULDER 

ENGINEERING  CENTER 
ATTN  J  DAILY 
CAMPUS  BOX  427 
BOULDER  CO  80309-0427 
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NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


3  UNIV  OF  SOUTHERN  CALIFORNIA 

DEPT  OF  CHEMISTRY 
ATTN  R  BEAUDET 
S  BENSON 
c  wrmG 

LOS  ANGELES  CA  90007 

1  CORNELL  UNIVERSITY 

DEPARTMENT  OF  CHEMISTRY 
ATTN  T  A  COOL 
BAKER  LABORATORY 
ITHACA  NY  14853 

1  UNIVERSITY  OF  DELAWARE 

CHEMISTRY  DEPARTMENT 
ATTN  T  BRILL 
NEWARK  DE  19711 

1  UNIVERSITY  OF  FLORIDA 

DEPT  OF  CHEMISTRY 
ATTN  J  WINEFORDNER 
GAINESVILLE  FL  32611 

3  GEORGIA  INSTITUTE  OF  TECHNOLOGY 

SCHOOL  OF  AEROSPACE  ENGINEERING 
ATTN  E  PRICE 
WCSTRAHLE 
BTZINN 

ATLANTA  GA  30332 

1  UNIVERSITY  OF  ILLINOIS 

DEPT  OF  MECH  ENG 
ATTN  H  KRIER 
144MEB  1206  W  GREEN  ST 
URBANA  IL  61801 

1  THE  JOHNS  HOPKINS  UNIV  CPIA 

ATTN  T  W  CHRISTIAN 
10630  LITTLE  PATUXENT  PKWY 
SUITE  202 

COLUMBIA  MD  21044-3200 

1  UNIVERSITY  OF  MICHIGAN 

GAS  DYNAMICS  LAB 
ATTN  G  M  FAETH 
AEROSPACE  ENGINEERING  BLDG 
ANN  ARBOR  MI  48109-2140 

1  UNIVERSITY  OF  MINNESOTA 

DEPT  OF  MECHANICAL  ENGINEERING 
ATTN  E  FLETCHER 
MINNEAPOLIS  MN  55455 


4  PENNSYLVANIA  STATE  UNIVERSITY 
DEPT  OF  MECHANICAL  ENGINEERING 
ATTN  K  KUO 
MMICCI 
S  THYNELL 
V  YANG 

UNIVERSTTY  PARK  PA  16802 

2  PRINCETON  UNIVERSITY 

FORRESTAL  CAMPUS  LIBRARY 
ATTN  K  BREZINSKY 
I  GLASSMAN 
P  O  BOX  710 
PRINCETON  NJ  08540 

1  PURDUE  UNIVERSITY 

SCHL  OF  AERONAUTICS  &  ASTRONAUTICS 

ATTN  J  R  OSBORN 

GRISSOM  HALL 

WEST  LAFAYETTE  IN  47906 

1  PURDUE  UNIVERSITY 
DEPARTMENT  OF  CHEMISTRY 
ATTN  E  GRANT 

WEST  LAFAYETTE  IN  47906 

2  PURDUE  UNIVERSITY 

SCHL  OF  MECHANICAL  ENGNRNG 
ATTN  N  M  LAURENDEAU 
SNBMURTHY 
TSPC  CHAFFEE  HALL 
WEST  LAFAYETTE  IN  47906 

1  RENSSELAER  POLYTECHNIC  INST 

DEPT  OF  CHEMICAL  ENGINEERING 
ATTN  A  FONTTJN 
TROY  NY  12181 

1  STANFORD  UNIVERSITY 

DEPT  OF  MECHANICAL  ENGINEERING 
ATTN  R  HANSON 
STANFORD  CA  94305 

1  UNIVERSITY  OF  TEXAS 

DEPT  OF  CHEMISTRY 
ATTN  W  GARDINER 
AUSTIN  TX  78712 

1  VA  POLYTECH  INST  AND  STATE  UNTV 

ATTN  J  A  SCHETZ 
BLACKSBURG  VA  24061 
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NO.  OF 
COPffiS 

1 

2 

1 

1 

1 

1 

1 

1 

1 

2 


ORGANIZATION 

APPLIED  COMBUSTION  TECHNOLOGY  INC 
ATTN  A  M  VARNEY 
P  O  BOX  607885 
ORLANDO  FL  32860 

APPLIED  MECHANICS  REVIEWS 
ASME 

ATTN  R  E  WHITE  &  A  B  WENZEL 
345  E  47TH  STREET 
NEW  YORK  NY  10017 

TEXTRON  DEFENSE  SYSTEMS 
ATTN  A  PATRICK 
2385  REVERE  BEACH  PARKWAY 
EVERETT  MA  02149-5900 

BATTELLE 

TWSUAC 

505  KING  AVENUE 

COLUMBUS  OH  43201-2693 

COHEN  PROFESSIONAL  SERVICES 
ATTN  N  S  COHEN 
141  CHANNING  STREET 
REDLANDS  CA  92373 

EXXON  RESEARCH  &  ENG  CO 
ATTN  A  DEAN 
ROUTE  22E 
ANNANDALE  NJ  08801 

GENERAL  APPLIED  SCIENCE  LABS  INC 
77  RAYNOR  AVENUE 
RONKONKAMA  NY  11779-6649 

GENERAL  ELECTRIC  ORDNANCE  SYSTEMS 
ATTN  JMANDZY 
100  PLASTICS  AVENUE 
PITTSFIELD  MA  01203 

GENERAL  MOTORS  RSCH  LABS 
PHYSICAL  CHEMISTRY  DEPARTMENT 
ATTN  T  SLOANE 
WARREN  MI  48090-9055 

HERCULES  INC 
ATTN  W  B  WALKUP 
E A  YOUNT 
P  O  BOX  210 

ROCKET  CENTER  WV  26726 


NO.  OF 

COPIES  ORGANIZATION 

1  HERCULES  INC 

ATTN  R  V  CARTWRIGHT 
100  HOWARD  BLVD 
KENVIL  NJ  07847 

1  ALLIANT  TECHSYSTEMS  INC 

MARINE  SYSTEMS  GROUP 
ATTN  D  E  BRODEN  MS  MN50  2000 
600  2ND  STREET  NE 
HOPKINS  MN  55343 

1  ALLIANT  TECHSYSTEMS  INC 

ATTN  R  E  TOMPKINS 
MN  11  2720 

600  SECOND  ST  NORTH 
HOPKINS  MN  55343 

1  IBM  CORPORATION 

RESEARCH  DIVISION 
ATTN  A  C  TAM 
5600  COTTLE  ROAD 
SAN  JOSE  CA  95193 

1  nr  RESEARCH  INSTTIUTE 

ATTN  R  F  REMALY 
10  WEST  35TH  STREET 
CHICAGO  EL  60616 

1  LOCKHEED  MISSILES  &  SPACE  CO 

ATTN  GEORGE  LO 
3251  HANOVER  STREET 
DEPT  52  35  B204  2 
PALO  ALTO  CA  94304 

1  OLIN  ORDNANCE 

ATTN  V  MCDONALD  LIBRARY 
P  O  BOX  222 
ST  MARKS  FL  32355-0222 

1  PAUL  GOUGH  ASSOCIATES  INC 

ATTN  P  S  GOUGH 
1048  SOUTH  STREET 
PORTSMOUTH  NH  03801-5423 

1  HUGHES  AIRCRAFT  COMPANY 

ATTN  T  E  WARD 
PO  BOX  11337 
TUCSON  AZ  85734-1337 
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NO.  OF 
COPIES 

1 

3 


1 

1 

1 

3 


3 

1 

1 


ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


SCIENCE  APPUCATIONS  INC 
ATIN  R  B  EDELMAN 
23146  CUMORAH  CREST 
WOODLAND  HILLS  CA  91364 

SRI  INTERNATIONAL 
ATTN  G  SMITH 
D  CROSLEY 
D GOLDEN 

333  RAVENSWOOD  AVENUE 
MENLO  PARK  CA  94025 

STEVENS  INSTITUTE  OF  TECH 
DAVIDSON  LABORATORY 
ATTN  R  MCALEVY  HI 
HOBOKEN  NJ  07030 

SVERDRUP  TECHNOLOGY  INC 
LERC  GROUP 

ATIN  R  J  LOCKE  MS  SVR  2 
2001  AEROSPACE  PARKWAY 
BROOK  PARK  OH  44142 

SVERDRUP  TECHNOLOGY  INC 
ATTN  J  DEUR 

2001  AEROSPACE  PARKWAY 
BROOK  PARK  OH  44142 

THIOKOL  CORPORATION 
ELKTON  DIVISION 
ATTN  R  BIDDLE 
RWILLER 
TECH  LIB 
P  O  BOX  241 
ELKTON  MD  21921 

THIOKOL  CORPORATION 
WASATCH  DIVISION 
ATTN  S  J  BENNETT 
P  O  BOX  524 

BRIGHAM  CITY  UT  84302 

UNITED  TECHNOLOGIES  RSCH  CENTER 
ATIN  A  C  ECKBRETH 
EAST  HARTFORD  CT  06108 

UNITED  TECHNOLOGIES  CORP 
CHEMICAL  SYSTEMS  DIVISION 
ATTN  R  R  MILLER 
P  O  BOX  49028 
SAN  JOSE  CA  95161-9028 


1  UNIVERSAL  PROPULSION  COMPANY 

ATTN  H  J  MCSPADDEN 
25401  NORTH  CENTRAL  AVENUE 
PHOENIX  AZ  85027-7837 

1  VERTTAY  TECHNOLOGY  INC 

ATTN  E  B  FISHER 
4845  MELLERSPORT  HIGHWAY 
EAST  AMHERST  NY  14051-0305 

1  FREEDMAN  ASSOCIATES 

ATTN  E  FREEDMAN 
2411  DIANA  ROAD 
BALTIMORE  MD  21209-1525 

3  ALLIANT  TECHSYSTEMS 

ATTN  C  CANDLAND 
L  OSGOOD 
R  BECKER 
600  SECOND  ST  NE 
HOPKINS  MN  55343 

1  DIRECTOR 

US  ARMY  BENET  LABS 
ATTN  AMSTA  AR  CCB  T 
SAM  SOPOK 
WATERVLIET  NY  12189 
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NO.  OF 

COPIES  ORGANIZATION 

arfrdfrn  proving  ground 

42  DIR  USARL 

ATTN:  AMSRL-WT-P.  A  HORST 

AMSRL-WT-PA, 

ABIRK 
T  P  COFFEE 
j  DESPmrro 
J  D  KNAPTON 
CLEVERITT 
GP  WREN 
AMSRL-WT-PC, 

R  AFEFER 
GF  ADAMS 
W  R  ANDERSON 
R A  BEYER 
S  WBUNTE 
C  F  CHABALOWSKI 
K  P  MCNEILL-BOONSTOPPEL 
A  COHEN 
RCUMPTON 
R  DANIEL 
D  DEVYNCK 
NFFELL 
BEFORCH 
JMHEIMERL 
A  J  KOTLAR 
MRMANAA 
W  F  MCBRATNEY 
K  L  MCNESBY 
S  V  MEDLIN 
MS  MILLER 
A  WMIZIOLEK 
S  H  MODIANO 
J  B  MORRIS 
J  E  NEWBERRY 
S  A  NEWTON 
R  A  PESCE-RODRIGUEZ 
BMRICE 
R  C  SAUSA 
M  A  SCHROEDER 
J  A  VANDERHOFF 
MWENSING 
A  WHREN 
J  M  WIDDER 
C  WILLIAMSON 
AMSRL-HR-M. 

A  W  BARROWS 
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Intentionally  left  blank. 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratoiy  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your  comments/answers 
to  the  items/questions  below  wiU  aid  us  in  our  efforts. 

1.  ARL  Report  Number  ARL-TR-1Q55 _  Date  of  Report  April  199,6 - 

2.  Date  Report  Received _ _ _ _ — - 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for  which  the  report 

will  be  used.) _ _ _ _ _ _ _ _ — - 


4.  Specifically,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of  ideas,  etc.) - 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved,  operating  costs 
avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate - - - 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate  changes  to 
organization,  technical  content,  format,  etc.) _ _ _ _ _ _ — 


Organization 


CURRENT  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address  above  and  the 
Old  or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 


(Remove  this  sheet,  fold  as  indicated,  tape  closed,  and  mail.) 
(DO  NOT  STAPLE) 


